Objectives-The aim of our study was to evaluate the clinical application of color Doppler flow imaging (CDFI) and acoustic radiation force impulse (ARFI) for the diagnosis of acute rejection after liver transplantation.
L iver transplantation has become increasingly popular as a treatment for end-stage liver disease and early-stage hepatocellular carcinoma. Although surgical techniques and postoperative management have improved, long-term allograft survival still largely depends on the incidence of rejection, recurrent hepatitis, and tumor development. 1 The most common type of rejection after liver transplantation is acute rejection, occurring within 14 days after transplantation. Many of the initial clinical symptoms of acute cellular rejection are nonspecific, including high fever, elevated levels of liver enzyme, and elevated total serum bilirubin concentration, with the diagnosis confirmed by liver biopsy. 2 Liver biopsy, however, carries all of the relevant complications associated with an invasive procedure. Postoperative B-mode and Doppler ultrasound are standard procedures used for the assessment of the viability and function of a liver allograft. Of these procedures, color Doppler flow imaging (CDFI) is used widely for the early diagnosis of vascular complications after liver transplantation. However, CDFI does not have the sensitivity required to diagnose transplant rejection. 3 Acoustic radiation force impulse (ARFI) elastography is a new technology that is being used to quantify liver stiffness by measuring the shear wave velocity (SWV) within a tissue, with the SWV being linearly correlated to the stiffness of the tissue. A correlation between liver stiffness and recurrence of diffuse lesions in the allograft has been reported in patients after liver transplantation. [4] [5] [6] The occurrence of acute rejection after liver transplantation is characterized by the appearance of a series of pathological changes in the allograft, including changes in morphology, hemodynamics, and tissue hardness. The aim of our study was to use CDFI and ARFI to identify acute rejection after liver transplantation, and to evaluate the clinical value of our combined approach in the assessment of allograft viability after liver transplantation.
Materials and Methods

Study Patients
This study was approved by the ethics committee of our institution. Between October 2011 and October 2014, consecutive patients who underwent liver transplantation at our hospital were recruited for the study during their follow-up visits. Written informed consent was received from all patients. Color Doppler flow imaging and ARFI measurements were performed at the time patients underwent liver biopsy as part of their follow-up assessment after transplantation. Our study group included 56 patients with acute rejection confirmed by biopsy (maleto-female ratio, 41:15; mean age, 43.3 6 18.4 years; age range, 1-68 years; body mass index <30 kg/m 2 ). Twenty other patients, in whom liver function recovered within 1 month after transplantation, served as the control group. Relevant patient information is summarized in Table 1 . All patients underwent CDFI and ARFI at the time of the follow-up biopsy.
Doppler Ultrasonography
All examinations were performed after a 12-hour fasting period. B-Mode ultrasound examination of the abdomen was performed first, with the anteroposterior diameter of the liver recorded for comparison with measures obtained at the previous examination, 1 month earlier. Doppler measurements were performed by an experienced sonographer, using a 1-to 4-MHz convex transducer (ACUSON S2000, Siemens Healthineers, Malvern, PA). For the examination, adult patients were placed in supine position, with the right arm either elevated over the head or abducted. Images were obtained while patients held their breath for approximately 5 seconds. Pediatric patients were examined in deep sleep. Doppler spectrograms were obtained using a standard positioning of the transducer at an angle of 10 to 308. The waveform of flow through the hepatic vein was recorded and classified into one of the three following types: (1) a triphasic waveform, consisting of two antiphase waves and one or two positive waves; (2) a biphasic waveform, consisting of two antiphase waves with an amplitude of more than 50% of the maximum peak velocity; or (3) a monophasic waveform, consisting of one antiphase wave with an amplitude of less than 50% of the maximum velocity. For comparison with previous measures, the recorded waveforms were graded as follows: "1ve velocity" if portal vein velocity was lower than the one previously measured; "2ve velocity" if the portal vein velocity was the same or greater than the one previously measured; "1ve pattern" for a change in Acoustic Radiation Force Impulse Assessment Acoustic radiation force impulse elastography was performed using the same transducer used for Doppler ultrasonography (ACUSON S2000). Elastography examinations were performed by three sonographers with more than 10 years of ultrasound experience and more than 5 years of experience in ARFI measurement. For the examination, the probe was placed perpendicularly to the abdominal wall. A 10 3 5 mm 2 region of interest was carefully localized at a depth of 3 to 4 cm from the liver capsule. Three valid measurements of the same site in the anterior segment of the right lobe of the liver were obtained for adult patients who had undergone whole liver transplantation, and in the left lobe for pediatric patients who had undergone living donor liver transplantation. Care was taken to avoid large vessels and other structures that could cause artifact or invalid measurements. As for the Doppler examination, patients were required to hold their breath for approximately 5 seconds during the measurement; pediatric patients were assessed in deep sleep. The average SWV for each patient was calculated based on three repeated examinations. Figures 1A and 2A show the images obtained from two patients. All Doppler and elastography examinations were performed simultaneously to the liver biopsy. 
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Liver Biopsy and Histological Grading Before the biopsy, hemoglobin levels, platelet counts, and prothrombin time were obtained. The biopsy was performed under ultrasound guidance, using a core tissue needle (external diameter 18 gauge; 1.5-cm sample notch). The biopsy gun targeted the same site from which the SWV was measured. Specimens were fixed in formalin (10%). For histological evaluation, the slides were stained with hematoxylin-eosin and analyzed by an experienced pathologist, with scores assigned using the Banff method. The rejection activity index (RAI) was calculated as the sum of the scores for the following criteria: (1) portal inflammation, (2) bile duct inflammation damage, and (3) venous endothelial inflammation. A severity score from 0 to 3 was assigned to each criterion, with 3 being indicative of greater severity. An RAI score of more than 3 was indicative of clinically relevant acute rejection, with the following additional descriptors: a RAI score between 4 and 6 was indicative of mild acute rejection, whereas a RAI score between 7 and 9 indicated a moderate-to-severe acute rejection. Figures 1B  and 2B show the pathological analysis of the biopsies obtained from two patients.
Statistical Analysis
Statistical analysis was performed using SPSS software (version 17.0, SPSS Inc, Chicago, IL). Continuous variables were expressed as the mean 6 standard deviation (SD), with between-group difference evaluated using the independent t-test. Categorical variables were reported as the median and range, with between-group differences evaluated using the chi-squared test. Relationships between variables were evaluated using Pearson's two-tailed pairwise correlation coefficient (r). A binary logistic regression model was generated to compare the odds ratio (OR) of acute rejection for measured variables, and to evaluate the efficiency of using the ultrasonographic measurements for the diagnosis. Diagnostic efficiency was evaluated for different ARFI cut-off values using receiver-operating characteristic curve (ROC) analysis. All tests were two-sided, with a P value of less than .05 being considered statistically significant.
Results
Acoustic Radiation Force Impulse A significant difference in SWV between the acute rejection and control groups was identified (P .001; Table  2 ). Results of the ROC analysis for the acute rejection and control groups are summarized in Table 3 , with the ROC curve shown in Figure 3 . The optimal ARFI cutoff value for SWV was 1.62 m/s; the sensitivity and specificity for diagnosing acute rejection were 84 and 95%, respectively. Forty-seven patients in the acute rejection group exhibited SWV of more than 1.62 m/s.
Color Doppler Flow Imaging
Measurement of anteroposterior diameter and portal vein diameter, using conventional 2D ultrasound, identified an increase in the anteroposterior diameter (n 5 27) and in the diameter of the portal vein Figure 4 ). The acute rejection group differentiated from the control group on three aspects (Table 4) : increase in anteroposterior diameter (P 5 .035); change in hemodynamic index (P 5 .021); and increase in SWV (P < .001). The correlation coefficients of these aspects with acute rejection were 0.253, 0.271, and 0.721, respectively (P < .05). 
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We constructed a logistic regression model to identify variables with the highest contribution to the diagnosis of acute rejection. Classification of the variables that were entered into the logistic regression is reported in Table 5 . An SWV of more than 1.62 m/s, measured by ARFI, and a change in hemodynamic index were effective in diagnosing acute rejection (P < .05); increase in anteroposterior diameter did not significantly improve the diagnosis (P 5 .079; Table 6 ). The logistic regression model was defined as follows: Y 5 5.434ÁX 1 1 2.192ÁX 2 2 2.615.
The values of the regression coefficients were X 1 5 5.434 and X 2 5 2.192. The patients were reclassified with a change in hemodynamic index given a score of 2; an ARFI SWV of more than 1.62 m/s and a score of 5; a change in hemodynamic index, ARFI SWV of more than 1.62 m/s, and a score of 7; and absence of change, ARFI SWV of less than 1.62 m/s, and a score of 0 ( Table 7 ). The ROC curve is shown in Figure 5 , with an area under the curve (AUC) indicative of the diagnostic effectiveness, of 0.933.
Discussion
In 1963, Starzl 7 performed the first liver transplant. Today, allograft orthotopic liver transplantation is recognized as an effective method for the treatment of endstage liver disease. However, although the liver is the body's largest immune organ and has a certain degree of immune tolerance, 8 rejection is still one of the main complications of liver transplantation, seriously influencing the prognosis of liver transplantation, with the possibility of graft failure. 9 Rejection can be classified into three types, based on the rejection timing, strength, pathological features, and mechanism: hyperacute rejection, acute rejection, or chronic rejection. 10 Hyperacute rejection occurs within 24 hours after transplantation. Acute rejection after liver transplantation is the most common form of rejection, generally occurring within 7 to 14 days after transplantation. Clinical symptoms of acute rejection include high fever and elevation of serum total bilirubin and transaminase levels. 11 Pathologically, acute rejection is characterized by portal inflammation, bile duct damage, and venous endothelial inflammation. 12 As the symptoms and clinical manifestations of posttransplantation complications are similar, liver biopsy remains the gold standard for the diagnosis of allograft rejection. 13 However, although liver biopsy is generally considered to be safe, it is an invasive procedure that carries the risk for complications, such as bleeding and sepsis.
14 Therefore, it is very important to find a convenient, noninvasive, and reliable method for the diagnosis of acute rejection.
Traditional 2D ultrasound imaging is the standard choice for real-time postoperative monitoring of the status of the allograft. Ultrasound provides a noninvasive and convenient method to obtain dynamic images of the shape and size of the allograft, providing a rapid postoperative diagnosis of emergent complications. 15 Combining traditional 2D ultrasound with CDFI further provides hemodynamic measures. Monitoring of the transplanted liver using CDFI for early identification of changes in the hemodynamics of the transplanted liver has important value for the diagnosis of acute rejection. 16 Jung et al 17 identified that a sudden decrease in the maximum flow velocity in the portal vein to a value of less than 20.2 cm/s is a sensitive marker of possible acute rejection. Jequier et al 18 provided evidence of the clinical significance of a change in the flow pattern in the hepatic vein from a triphasic to a "flat" waveform for the diagnosis of acute rejection. In our study, we used the change in CDFI measures obtained at two examinations, carried out about 1 month apart, as a basis for the diagnosis of acute rejection. We identified portal vein diameter, flow velocity in the portal vein trunk, and B, regression coefficient; SE, standard error; Walds, chi-squared value; Df, degree of freedom; Sig, P value; CI, confidence interval.
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waveform of the flow pattern in the hepatic vein as having diagnostic value for acute rejection. We confirmed a significant difference in the change in hemodynamic index between the acute rejection and control groups. Therefore, CDFI would be useful to detect the resultant effects of the inflammatory reaction in the liver parenchyma and vascular endothelium on the hemodynamic function of the liver. Inflammation increases the tension within the liver allograft, decreasing liver compliance and limiting the full filling of veins. At the same time, the narrowing of the diameter of the veins reduces the flow of blood returning to the inferior vena cava through the hepatic vein, elevating the portal vein pressure, with a consequent widening of its diameter and reduction of its flow velocity. Because of the resultant impairment in liver perfusion, the effect of the cardiac cycle on the hepatic vein is weakened, with a consequent loss of the triphasic waveform of the intrahepatic blood flow. 19 Acoustic radiation force impulse combines digital signal and image processing technology to provide an estimate of tissue elasticity by measuring the velocity of transmission of the shear wave, produced by an ultrasound impulse, within a tissue. 20 An increase in SWV is indicative of a decrease in tissue elasticity or, conversely, of an increase in tissue hardness. Compared with other technologies used to measure elasticity, ARFI offers better tissue penetration, higher repeatability of measurement, and better image quality. Moreover, as it does not require an external force to be applied, ARFI reduces the human impact of operators on measurement. Therefore, ARFI can be used to compare elasticity between adjacent tissues within a patient, as well as to compare measurements across patients. 21 The elasticity of a tissue depends largely on its structure and its molecular composition, which are typically modified by disease states, resulting in measurable differences in elasticity between normal and diseased tissues. Presently, ARFI technology is used primarily for the assessment of liver fibrosis and liver cirrhosis, as well as for the diagnosis of small masses, such as benign and malignant thyroid and breast nodules. Although ARFI has higher accuracy than other elastography techniques, its application for the evaluation of acute rejection after liver transplantation has seldom been reported. 22, 23 In our previous studies, we confirmed the high sensitivity of ARFI in identifying diffuse lesions after liver transplantation. 24 Although a previous study provided evidence of the clinical application of ARFI to identify liver function disorder early after living donor liver transplantation, 25 we are the first to have identified the sensitivity of the ARFI SWV to differentiate patients with acute rejection after liver transplantation. Based on ROC analysis, we identified the critical ARFI SWV cutoff of 1.62 m/s for the diagnosis of acute rejection. Acoustic radiation force impulse SWV values of more than 1.62 m/s were associated with the appearance of pathological changes considered to be indicative of acute rejection.
A noteworthy limitation of our study is the small sample size. Specifically, our study population was selected from among a series of consecutive patients who were followed up at our hospital after having received a liver transplant. Thus, the sample size was principally limited by the total number of liver transplantations performed, as well as by the incidence of acute rejection after such a procedure. Another limitation represents the reduced number of ARFI Figure 5 . The ROC for the diagnosis of acute rejection using the CDFI and ARFI grading scores.
Tang et al-Diagnosis of Acute Rejection After Liver Transplantation measurements that were pooled to obtain our data. Although such analyses are typically performed based on at least five ARFI measurements for each data point, our experience is that a high number of measurements is not feasible in liver transplant patients, because of their precarious health condition. Specifically, we found that liver transplant patients can tolerate three to five measurements relatively well, but only the data from the first three measurements have good repeatability, because such patients have trouble holding their breath according to the protocol necessary to ensure sufficient data acquisition. Therefore, we used the data from the first three measurements. We believe that this aspect did not significantly affect the conclusions of our study. Our results, therefore, support the clinical value of combining CDFI and ARFI for the diagnosis of acute rejection. As the clinical symptoms of acute rejection are not specific, we used CDFI to monitor the status of the liver graft, showing that the measured changes in the hemodynamic index increased the diagnostic value of the SWV. To further enhance the sensitivity and specificity of ultrasound diagnosis of acute rejection, we are planning a series of future studies to clarify the pathological mechanism underlying the development of acute rejection, and to quantify associated changes in hepatic hemodynamics and tissue elasticity. Ultimately, our goal is to provide a sensitive and specific ultrasound technique that can be used as a noninvasive method for real-time monitoring of graft status after liver transplantation.
In conclusion, ultrasound provides a convenient and noninvasive method for the assessment of the status of a liver allograft after transplantation. Our study provides evidence of the clinical value of combining ARFI and CDFI for the diagnosis of acute rejection after liver transplantation. The key findings of our study can be summarized as follows. Compared with the control group, patients with acute rejection exhibited increased anteroposterior diameter of the liver, a change in hemodynamic index (including increased portal vein diameter, decreased blood flow velocity of the portal vein trunk, and loss of the triphasic waveform of the flow pattern in the hepatic vein), and increased ARFI SWV. The correlation between the measured parameters and acute rejection diagnosis was the highest for increased ARFI SWV, followed by those for change in the hemodynamic index, and increased anteroposterior diameter of the liver. Therefore, ARFI SWV had a larger clinical significance for the diagnosis of acute rejection after liver transplantation than other ultrasound-based variables. Logistic regression analysis identified ARFI SWV and change in hemodynamic index as having predictive value for diagnosing acute rejection, with the OR being higher for ARFI SWV. The ROC analysis confirmed the efficiency of combining ARFI and CDFI in increasing the accuracy of the diagnosis of acute rejection after liver transplantation. Therefore, the combination of ARFI and CDFI provides a noninvasive method for clinically monitoring the recovery of the liver function after transplantation. This method could therefore be an effective alternative to biopsy for the diagnosis of acute rejection. Further research is needed to improve the specificity of combining ARFI and CDFI for the diagnosis of acute rejection after liver transplantation.
